In humans, heme iron is the most abundant iron source, and bacterial pathogens such as Staphylococcus aureus acquire it for growth. IsdB of S. aureus acquires Fe(III)-protoporphyrin IX (heme) from hemoglobin for transfer to IsdC via IsdA. These three cell-wall-anchored Isd (iron-regulated surface determinant) proteins contain conserved NEAT (near iron transport) domains. The purpose of this work was to delineate the mechanism of heme binding and transfer between the NEAT domains of IsdA, IsdB, and IsdC using a combination of structural and spectroscopic studies. X-ray crystal structures of IsdA NEAT domain (IsdA-N1) variants reveal that removing the native heme-iron ligand Tyr166 is compensated for by iron coordination by His83 on the distal side and that no single mutation of distal loop residues is sufficient to perturb the IsdA-heme complex. Also, alternate heme-iron coordination was observed in structures of IsdA-N1 bound to reduced Fe(II)-protoporphyrin IX and Co(III)-protoporphyrin IX. The IsdA-N1 structural data were correlated with heme transfer kinetics from the NEAT domains of IsdB and IsdC. We demonstrated that the NEAT domains transfer heme at rates comparable to full-length proteins. The second-order rate constant for heme transfer from IsdA-N1 was modestly affected (b 2-fold) by the IsdA variants, excluding those at Tyr166. Substituting Tyr166 with Ala or Phe changed the reaction mechanism to one with two observable steps and decreased observed rates N15-fold (to 100-fold excess IsdC). We propose a heme transfer model wherein NEAT domain complexes pass heme iron directly from an iron-coordinating Tyr of the donor protein to the homologous Tyr residues of the acceptor protein.
Introduction
Iron is an integral component of many biological systems, where it is essential in catalysis and electron transfer for processes as fundamental as protein, DNA, and ATP syntheses. 1 Iron is typically limiting for microorganisms in their native environments, and many organisms have acquired systems to overcome iron restriction. 2, 3 Free iron is especially limited in the human body, where it is found primarily in proteins such as ferritin, transferrin, and hemoglobin. 2 The most abundant iron source in the human body is the Fe(III)-protoporphyrin IX (heme) molecule found in the O 2 carrier hemoglobin, 4 making it a prime target for specialized heme uptake systems to satisfy a pathogen's iron requirements.
Staphylococcus aureus is a successful pathogen and common cause of hospital-acquired infection. 5, 6 Resistance to many antibiotics has spread throughout bacterial populations, and multidrug-resistant S. aureus strains are now commonly isolated from hospitals and are increasingly isolated from individuals with few predisposing risk factors within the community. 5, 7 S. aureus possesses several iron acquisition systems that likely contribute to its ability to infect most tissues of the human body, including two siderophore biosynthetic loci, [8] [9] [10] siderophore transporters, [11] [12] [13] and more than one heme uptake system. 8, 14, 15 Recently, there has been significant progress in the understanding of S. aureus ferric heme uptake through studies on the Isd (iron-regulated surface determinant) system. 14, 16, 17 The system is composed of at least nine proteins, including four cell-wallanchored binding proteins: IsdA, IsdB, IsdC, and IsdH/HarA. 14, 16 When hemoglobin is released by red blood cell lysis, it dissociates and oxidizes, forming methemoglobin. The oxidized Fe(III) form of heme is stripped from methemoglobin and transported across the bacterial cell wall, 18 followed by import through the membrane by means of an ABC transport system composed of IsdE, IsdF, and FhuC (substrate binding protein, permease, and a multifunctional ATPase, respectively). 19, 20 Once in the cytoplasm, one of two heme-degrading enzymes (IsdG or IsdI) liberates the bound iron. [21] [22] [23] In the S. aureus cell-wall-anchored Isd proteins, one to three copies of a NEAT (near iron transport) domain, consisting of ∼125 amino acids, have been identified. 24 Spectroscopic studies demonstrated that heme iron is coordinated by a conserved Tyr residue in four of the S. aureus NEAT domains. [25] [26] [27] [28] Structures of the IsdA NEAT domain (IsdA-N1), 29 the IsdB C-terminal-most NEAT domain (IsdB-N2), 30 the IsdC NEAT domain (IsdC-N1), 31 and the IsdH C-terminal-most NEAT domain (IsdH-N3) 32 have been determined in complex with heme.
Heme is bound by IsdA-N1 in a hydrophobic pocket with propionate groups at the molecular surface ( Fig. 1a and b ). 29 Heme iron is fivecoordinate with a single-protein iron ligand, the Tyr166 phenolate, which in turn forms a H-bond with the Tyr170 phenol in an interaction thought to stabilize the Tyr166-iron ligand bond ( Fig. 1b ). Tyr170 is oriented to allow π-stacking interactions with a heme tetrapyrrole ring. Tyr166 and Tyr170 are both located in a β-strand on the proximal side of the heme pocket. Several hydrophobic residues line the base of the binding pocket, and a loop crosses the distal side of the heme (Fig. 1a ). Three distal loop residues form H-bonds with the heme propionates: Lys75 and Ser82 form H-bonds with the more buried propionate group, and His83 forms a Hbond with the more solvent-exposed propionate (Fig. 1b) . 29 Furthermore, the His83 imidazole ring is situated coplanar to the porphyrin ring ∼ 3.4 Å from iron, thereby occluding access to the sixth Overall structure of the IsdA-N1-heme complex (PDB ID: 2ITF) shown as a cartoon colored from blue (N-terminus) to red (C-terminus). Heme and selected side chains are shown as sticks, with carbon shown in red and yellow, respectively. Oxygen, nitrogen, and iron are shown in red, blue, and orange, respectively. (b) Close-up of the wild-type binding pocket (PDB ID: 2ITF). Residues are shown as in (a). Hydrogen and metal ligand bonds are indicated by broken lines. coordinate position. For the sake of clarity, all following discussions will refer to the Tyr166 face of the heme pocket as the proximal side and to the His83 side as the distal side, regardless of changes in heme-iron coordination.
The other S. aureus heme-binding NEAT domains bind heme in similar orientations with heme-iron coordination through a conserved proximal Tyr ligand. Recently, Zn 2 + -protoporphyrin IX (PPIX) titration of IsdC-N1 was shown to cause ordering of the otherwise flexible loop located on the distal side of the porphyrin plane. 33 Other than a conserved Ser that forms a H-bond with a heme propionate, the residues of the putative flexible loop vary between NEAT domains.
The pathway of heme transport occurs from methemoglobin to IsdB or IsdH, then sequentially through IsdA and IsdC to the substrate binding protein IsdE for import through the permease. 18, 34, 35 These transfer reactions have been shown to occur between full-length recombinant Isd proteins and the NEAT domains alone. Here, we examine the mechanism of heme relay by following heme transfer both to and from variants of IsdA-N1. Several variants of residues involved in heme binding by IsdA-N1 were generated. From the results of a combination of X-ray crystallography and heme transfer assays, we propose a model for heme transport wherein NEAT domains pass heme directly from the heme-iron-coordinating Tyr of the donor protein to that of the acceptor protein.
Analysis of protein-protein complex modeling and crystal packing offers further support for the proposed transfer model.
Results
We determined the crystal structures of the five forms of IsdA-N1, as follows: three variants (IsdA-N1 K75A, IsdA-N1 H83A, and IsdA-N1 Y166A), reduced wild-type IsdA-N1, and IsdA-N1 in complex with Co(III)-protoporphyrin IX (CoPPIX). All the structures were determined to 2.05 Å resolution or better and refined with good geometry (N 90% of residues in the most favored regions and b0.5% of residues in the disallowed regions of a Ramachandran plot, as determined by PROCHECK). 36 Table 1 presents the crystallographic data collection and refinement statistics. Metalloporphyrin is bound in all five structures with minimal disorder, as shown by unambiguous electron density and average atomic B-factors of b30 Å 2 . Furthermore, when compared to the wild-type heme-bound IsdA-N1 structure [Protein Data Bank (PDB) ID: 2ITF], none of these structures resulted in a significant alteration to the NEAT domain backbone conformation, with b 0.5 Å r.m.s.d. for all main-chain atoms. 29 Notably, the r.m.s.d. variations observed were similar to those found when comparing the four molecules in the asymmetric unit of the wild-type IsdA-N1-heme structure.
Structures of IsdA-N1 variants
To gain insight into the potential roles of Lys75, His83, and Tyr166 in mediating heme binding and transfer by IsdA-N1, we produced the variants at these positions. Visible absorption spectra for the heme-bound variants are shown in Fig. S1 . Replacement of the heme-iron ligand Tyr166 with Ala results in heme-iron coordination by His83 on the distal side; the His83 imidazole ring is rotated ∼ 90°a bout χ 2 such that N ɛ2 coordinates the iron atom (2.0 Å) ( Fig. 2a and b ). Heme is oriented in the pocket similarly to that in the heme-bound wildtype structure (Fig. 1a ). However, the Y166A substitution removes the iron coordination potential of this residue on the proximal side of the heme, resulting in two distinct peptide conformers in the asymmetric unit. In chain A, a solvent molecule is bound in the sixth coordinate position of heme iron ( Fig. 2a ). Alternatively, in the other two molecules in the asymmetric unit, this solvent ligand is replaced by His168 N ɛ2 (2.1 Å) ( Fig. 2b) . The side chain of His168 is rotated into the binding pocket relative to chain A, causing a local disruption at residues 166 and 170 of the proximal β-strand. The pH dependence of the Y166A variant electronic state was examined by absorption spectroscopy to provide insight into heme coordination in solution ( Fig. S2 ). At pH values below ∼ 6.5, the absorption spectra resemble high-spin ferric heme (Soret band ∼ 403 nm; broad α/β band ∼506 nm, 530 nm, and 635 nm); at pH values above 6.5, the spectra resemble low-spin ferric heme (Soret band ∼ 412 nm; sharp α/β band ∼530 nm and 560 nm). The transition from a state resembling high-spin iron to a state resembling low-spin iron suggests a switch from His-Fe-solvent to bis-His coordination, supporting the hypothesis that the two coordination spheres observed in the crystal structure are relevant in solution. The flexibility imparted by the Tyr-Ala replacement likely enables the observed alternate conformation of His168 in the heme-binding pocket of the crystal structure. For this reason, an IsdA-N1 Y166F variant was generated for an analysis of a more sterically similar replacement, although an X-ray crystal structure is not yet available.
Two residues that form H-bonds with the heme propionates and are in a loop that forms part of the distal side of the heme binding pocket were probed by the variants K75A and H83A. The crystal structure of the IsdA-N1 H83A variant reveals that the loss of the H-bond with the propionate results in an alternate conformation for this group (Fig. 2c ). Nonetheless, the conformation of the distal loop is otherwise unchanged, likely due to interactions involving the remaining heme binding residues in the loop. Although the H83A substitution renders the sixth coordinate position of heme iron more solvent accessible, the position remains unoccupied and the heme iron is five-coordinate ( Fig. 2c ). In the wild-type structure, Lys75 forms a H-bond with the more buried propionate. However, in the K75A variant, the propionate remains well ordered, and the second H-bond with Ser82 is maintained ( Fig. 2d ). Additionally, the conformation of the residues that comprise the distal loop is unchanged. The weak effect of the K75A substitution on the IsdA-N1 fold is not surprising in retrospect, since sequence alignments reveal that position 75 is not conserved. 29 Structures of IsdA-N1 in complex with Fe(II)-protoporphyrin IX and Co(III)PPIX
The contribution of ferric iron to heme binding was investigated by examining the structures of Co (III) and Fe(II)-protoporphyrin IX (Fe(II)heme) in complex with IsdA-N1. Replacement of Fe(III) by Co (III) results in a six-coordinate metal center with His83 (2.1 Å) and Tyr166 (2.4 Å) as ligands (Fig. 3a) . The His83 imidazole rotates ∼90°about χ 2 relative to the wild-type IsdA-N1-heme-bound structure such that N ɛ2 coordinates Co(III) (Fig. 3a) . The pocket opens slightly to accommodate six-coordinate binding, highlighted by shifts away from the porphyrin ring (∼ 0.9 Å by Tyr166 C α and ∼ 1.1 Å by His83 C α ) relative to the Fe(III)heme-bound IsdA-N1 structure. As in the IsdA-N1 H83A structure, the more exposed propionate group loses its lone protein H-bond and primarily adopts an altered conformation. The remainder of the CoPPIX environment is similar to that of the heme-bound structure.
The IsdA-N1-Fe(II)heme crystal structure was determined by growing IsdA-N1-heme crystals as previously described 29 and by reducing the central iron by soaking the crystal in cryoprotectant supplemented with 10 mM dithionite for ∼ 10 min prior to immersion in liquid nitrogen. The crystals undergo an obvious color change in IsdA-heme from typical red brown to bright pink red, suggesting that heme reduction has taken place. In the crystal structure, the central Fe(II) is five-coordinate by His83 N δ1 (2.2 Å) from the distal side (Fig. 3b ). The His83 imidazole ring is rotated ∼90°about χ 2 , bringing it from parallel with the tetrapyrrole plane to perpendicular with the tetrapyrrole plane. However, in contrast to Fe(III) and Co(III) coordination in the IsdA-N1 Y166A and IsdA-N1-CoPPIX structures, respectively, the 90°rotation about χ 2 occurs in the opposite direction such that N δ1 coordinates Fe(II) rather than N ɛ2 . Rotation of the His83 side chain disrupts the H-bond between His83 N ɛ2 and the more exposed heme propionate in the native structure, resulting in an altered propionate conformation with elevated B-factors. On the distal side of the heme pocket, structure superposition with IsdA-N1-heme reveals that the Fe(II)heme tetrapyrrole ring is positionally conserved in the pocket; nonetheless, the Tyr166 O η -Fe(II) distance is stretched to ∼ 3.0 Å. Otherwise, the same heme contacts are maintained in the Fe(II)heme-bound structure in chain A. Of the four molecules in the asymmetric unit, chains A and B undergo a shift from Y166 to H83 heme iron coordination as described above, whereas chains C and D more closely resemble the Fe(III)heme structure. However, chains C and D form a direct crystal contact involving atoms of the heme groups that likely hinders the conformational changes associated with the reduction from Fe(III) to Fe(II). The involvement of crystal contacts is consistent with the observation that crystals soaked in dithionite for more than 10 min began to crack and disintegrate.
Heme transfer to myoglobin
For each of the IsdA-N1 variants constructed, the rate of heme transfer to apomyoglobin was determined as an estimate of the heme off-rate. The use of apomyoglobin as a heme chelator is a well-established method for measuring off-rates. 37 Since previous work has demonstrated that IsdA does not directly interact with myoglobin 38 and that the rates are first order with respect to IsdA-N1 and independent of the apomyoglobin concentration (data not shown), the observed rate (k obs ) of spectral change is assumed to be a direct measure of the IsdA-N1-heme off-rate. The concentrations of the native and variant IsdA-N1-heme complexes were determined by assaying heme concentration using the pyridine hemochrome assay. 39 Liu et al. determined a single off-rate from full-length IsdA to be 0.95 h − 1 , whereas the transfer from the IsdA-N1 construct used in our studies is better described by a double-exponential equation (Fig. 4a ). 34 The fast (k − 1A ) and slow (k − 1B ) off-rates are 2.6 h − 1 and 0.42 h − 1 ( Table 2 ). Despite the presence of two observable rates compared to one observable rate for the full-length protein, 34 the overall rates are similar, supporting the hypothesis that the NEAT domain is the lone functional heme-binding region in IsdA. 25, 27 Off-rates from all variants are also slow and were monitored for N 3.5 half-lives (from 2 h to 15 h, depending on the variant). For all of the variants, the rates of absorbance change at 408 nm were best described by a double-exponential equation, excluding the H83A variant that was described well by a single exponential ( Fig. 4a , Table 2 ; Fig. S3 ). Relative to the off-rate for wild-type IsdA-N1, the S82A variant releases heme with similar rates, the H83A and Y170F variants have ∼ 3-fold decreased rates of heme release, and the Y166A and Y166F variants have 3-fold to 7-fold increased off-rates.
IsdB-N2-to-IsdA-N1 heme transfer
Tyr166 is the heme-iron ligand in IsdA and is therefore likely to participate in the heme transfer mechanism. Rates of heme reception from the hemebinding NEAT domain of IsdB (IsdB-N2) were monitored by stopped-flow spectroscopy for wildtype IsdA-N1 and Tyr166 variants. The heme transfer rate from IsdB-N2 (2 μM) to apo-IsdA-N1 (20 μM) was first determined as a baseline for comparison to variants. The maximal change in absorbance occurred at ∼ 376 nm, and the rate of absorbance change at these concentrations was best described by a single exponential with an observed rate (k obs ) of ∼ 57 s − 1 (Fig. 4b and c ). The k obs for transfer between these NEAT domains is similar to the previously determined k obs of ∼115 s − 1 for heme transfer from full-length holo-IsdB (3 μM) to fulllength apo-IsdA (30 μM). 18 The correspondence in the rates implies that the NEAT domains alone are sufficient for rapid heme transfer between IsdB and IsdA and thus provide a model for transfer between full-length proteins. The concentration dependence of the IsdB-N2-to-IsdA-N1 heme transfer rates was determined for IsdA-N1 in 5-fold to 50-fold molar excess (Fig. 4d) . The wild-type data fit a two-step model for heme transfer, similar to that previously described ( Fig. 5 ). 30, 34 In the model, the rate of complexation (k 1 ) is rapid relative to the rate of heme transfer (k 2 ) and assumes a rapid dissociation of the complex (k 3 ). Based on this model, values of 77 ± 3 s − 1 and 11 ± 2 μM were computed for the rate of heme transfer (k 2 ) and the protein-protein dissociation constant (K d ), respectively.
Based on single-wavelength absorbance change, the Y166A and Y166F IsdA-N1 variants appear to have significantly diminished rates of transfer. The k obs for transfer between 2 μM IsdB-N2 and 20 μM IsdA-N1 Y166A and Y166F is 0.44 s − 1 and 1.7 s − 1 , respectively. However, the absorbance spectrum at equilibrium is intermediate to that of heme-bound IsdB-N2 and IsdA-N1 Y166A/F, which reveals that only a fraction of heme bound to IsdB-N2 was transferred to IsdA-N1 ( Fig. 6a ). Since heme transfer is incomplete in these variants, the reverse reaction complicates analysis, and the rate constant obtained cannot be used for quantitative comparison to wild type. Despite the lack of quantitative comparison, it is clear that Tyr166 is required for a complete and efficient transfer to IsdA-N1.
IsdA-N1-to-IsdC-N1 heme transfer rates
The visible spectrum from the combination of any holo-IsdA-N1 variant tested and N10-fold excess apo-IsdC-N1 was essentially identical with that of holo-IsdC-N1, suggesting that transfer is pseudo Apo-IsdC-N1 first order and can be considered essentially unidirectional under the conditions tested (Fig. 6b ). Under these conditions, the roles of Lys75, Ser82, His83, Tyr166, and Tyr170 in heme transfer from IsdA to IsdC were determined by stopped-flow spectroscopy for wild-type IsdA-N1 and variants at these positions. The largest spectral change between holo-IsdA-N1 and holo-IsdC-N1 was observed at ∼ 376 nm. Absorbance change and the k obs for heme transfer between IsdA-N1 (0.5 μM) and IsdC-N1, with concentrations ranging from 5 μM to 50 μM, were recorded ( Fig. 6c and d) . The k obs of heme transfer from wild-type IsdA-N1 (0.5 μM) to IsdC-N1 (10 μM) was ∼ 16 s − 1 , similar to that determined (∼ 24 s − 1 ) for transfer between full-length IsdA (1.2 μM) and full-length IsdC (∼ 12 μM), 34 suggesting that efficient transfer between IsdA and IsdC can occur directly between NEAT domains. The k obs values for wild-type IsdA-N1 and all variants, excluding Tyr166A/F, vary linearly with the concentration of IsdC-N1 when present in 10-fold to 100-fold excess, revealing only one readily Table 2. observable kinetic step under the conditions tested ( Fig. 6d; Fig. S4 ). The k obs values for H83A were more variable than those for the other variants, as reflected in larger error estimates for k 1 (Table 2; Fig.  S4d) ; however, despite the variability, a linear slope best described the data. From the previously proposed model for heme transfer (Fig. 5) , the rate of protein-protein complexation (k 1 ) is likely rate limiting, with a relatively rapid rate of heme transfer (k 2 ). Most of the variants of the IsdA-N1-heme binding residues studied did not largely affect the second-order rate constant (maximal ∼ 2-fold change relative to wild type) ( Table 2 ). The k obs for transfer from 0.5 μM IsdA-N1 Y166A (∼2 s − 1 ) and Y166F (∼6 s − 1 ) to 10 μM apo-IsdC-N1 is impaired by ∼ 3-fold to 8-fold relative to wild-type rates. However, the concentration dependence of the transfer rates between the Y166A or Y166F IsdA-N1 variants and IsdC-N1 is best described by a transfer model with two observable steps ( Table 2 ; Fig. S4) , where values for k 2 and k − 1 /k 1 are determined as previously described. 34 The value k − 1 /k 1 is equivalent to the K d of the transfer complex, and values of 11 μM and 2.3 μM were obtained for the complex of IsdC-N1 with IsdA-N1 Y166A and IsdA-N1 Y166Y, respectively. However, K d values determined by these means have high error estimates. The change from a one-step mechanism to a two-step mechanism is attributed to a significantly impaired rate of heme transfer that is now rate limiting, rather than to domain complexation, under the conditions tested. Strikingly, these decreases in rates for IsdA-N1 Y166A/F heme transfer to IsdC-N1 relative to the other IsdA-N1 variants are observed despite increased off-rates for these Tyr166 variants to apomyoglobin.
Discussion
S. aureus uses the multicomponent Isd system to transport heme across the cell wall and cytoplasm to satisfy its iron requirement. 14 IsdA plays a central role in the cell wall by relaying heme from the surface receptors IsdB and IsdH to IsdC. 18, 35 The Cterminal NEAT domains are the main functional heme binding unit in the cell-wall-anchored Isd proteins, as evident from heme-bound crystal structures and the kinetics of heme binding and transfer. For full-length IsdA, the rate of heme release (off-rate) from the NEAT domain is N 1000fold slower than the rates of heme transfer from IsdB or heme transfer to IsdC, supporting the hypothesis that an activated complex is formed and sufficient for heme transfer catalysis. 18, 34 The IsdA-N1 NEAT domain recapitulates most of the heme transfer functions described previously for the full-length protein. Recently, we showed that heme transfer from IsdB-N2 to IsdA-N1 follows a two-step mechanism, with rates that are comparable to those observed for soluble full-length forms. 30 Heme transfer from full-length IsdA to IsdC also occurs with two observable steps, namely the association of a holo-IsdA-apo-IsdC complex followed by the transfer of heme to yield an apo-IsdAholo-IsdC complex prior to dissociation. 34 In contrast, a one-step kinetic model better describes the IsdA-N1-to-IsdC-N1 transfer data, implying that protein-protein complexation is rate limiting for transfer between IsdA-N1 and IsdC-N1. The different kinetic model for heme transfer between fulllength Isd proteins 34 relative to the NEAT domains could reflect differences in experimental conditions. Alternatively, these differences suggest that regions outside the NEAT domains could enhance proteinprotein interactions. Work to identify additional functional regions outside the NEAT domains is ongoing. Nonetheless, the overall heme transfer rate for the NEAT domains is comparable to that for the full-length proteins and remains greatly enhanced over the off-rates.
To provide insight into the roles of specific residues in IsdA ligand binding and transfer to and from the IsdB NEAT domain and IsdC-N1, we produced and analyzed the heme binding pocket point variants by a combination of X-ray crystallography and stopped-flow spectroscopy. The IsdA-N1 distal loop (residues 75-87) makes several direct heme contacts. Lys75, Ser82, and His83 form Hbonds with the propionate groups; Met84 forms hydrophobic interactions; and a stacked π-bonding interaction is observed between Tyr87 and the most buried heme pyrrole ring. In the presence of heme, single-site substitutions from Lys75, Ser82, or His83 to Ala were not sufficient to disrupt the structure of the IsdA-N1 distal loop, suggesting that loop stability is a cumulative result of these interactions. Recently, NMR studies of IsdC-N1 demonstrated that porphyrin binding stabilizes an otherwise flexible distal loop. 33 In contrast, the apo-IsdA-N1 crystal structure closely resembles the holostructure other than the rotation of the side chain of His83 and a modest displacement of Met84 into the pocket. 29 Nonetheless, the IsdA-N1 binding pocket is sufficiently malleable to accommodate alternative metal coordination, such as that observed with CoPPIX and Fe(II)heme, by exploiting the availability of His83 and Tyr166 (Fig. 3a and b) . Crystal contacts in the apo-IsdA-N1 structure may have stabilized the distal loop in the same conformation as the holo form, and the loop could undergo a similar disordered-to-ordered transition in solution, as seen in IsdC-N1. Since residues in the distal loop contact heme rather than the remainder of the protein, 29 the flexibility of the loop is likely a general feature of apo NEAT domains.
Residues that form the distal loop are variable in S. aureus heme-binding NEAT domains. 17 Ser82 is the only distal loop residue that is absolutely conserved among these domains. His83 is replaced by Met, Ile, and Val in IsdB-N2, IsdC-N1, and IsdH-N3, respectively. The X-ray crystal structures of IsdA-N1 Y166A, IsdA-N1-Co(III)PPIX, and IsdA-N1-Fe(II)PPIX demonstrate that His83 can replace or augment Tyr166 as the metal ligand. Furthermore, the ability of His83 to coordinate ferrous heme is supported by spectroscopic data on full-length IsdA. Reduction of IsdA-heme resulted in spectra resembling high-spin five-coordinate ferrous heme with a single axial His ligand. 27 The Isd system would likely predominantly transport Fe(III)heme rather than Fe(II)heme, making the physiological utility of His83 in IsdA unclear; however, if Fe(II) heme is encountered, IsdA could function in its sequestration. Alternatively, His83 occludes access to the distal side of heme iron by potential smallmolecule ligands 27 and thus could mediate access to the sixth coordinate position for transfer. Since histidine is a common iron ligand, it is tempting to speculate that His83 may have a role in heme transfer.
Within IsdA, Tyr166 and His83 are both situated such that either residue could receive heme iron from the donor or could pass heme iron. Transfer rates to and from IsdA-N1 variants were measured and compared to wild-type rates to determine what residues play a key role in receiving and donating heme. Equilibrium for heme transfer from all holo-IsdA-N1 variants to apo-IsdC-N1 is reached rapidly and essentially complete in IsdC-N1. Relative to wild-type IsdA-N1, the second-order transfer rates from the K75A, S82A, H83A, and Y170F variants are within ∼2-fold of the wild-type rate. The IsdA-N1 H83A variant crystal structure reveals that the distal iron coordination site remains unoccupied in the absence of the His83 imidazole ring. Combined with the small change in observed transfer rate, the IsdA-N1 H83A structure suggests that His83 does not play a direct role in heme transfer from IsdA. The primary role of His83 in IsdA is likely to secure the more solvent-exposed heme propionate and potentially gate access to the distal heme-iron position.
Tyr166 variants were significantly impaired in heme transfer rates both to and from IsdA-N1 despite an increase in the off-rate (Fig. 6a , Table 2 ). For heme transfer from IsdB-N2 to IsdA-N1 Y166 variants, spectra suggest that, at equilibrium, heme is preferentially bound by IsdB-N2 even when the variant is present in N10-fold excess. Although a transfer rate could not be determined for these variants, Tyr166 is clearly essential for maintaining directional heme transfer from IsdB to IsdA. The IsdA-N1 Y166A crystal structure reveals that His83 serves as the heme-iron ligand on the distal side in this variant (Fig. 3b ). Since His168 can also form an iron ligand blocking the proximal coordination site, a more sterically subtle Y166F variant was made, although transfer rates were comparable to Y166A ( Table 2 ). The Y166A and Y166F substitutions change the heme transfer kinetic model from a second-order reaction, where k obs varies linearly with the concentration of apo-IsdC-N1, to a firstorder reaction, where k obs values plateau at high apo-IsdC-N1 concentrations. The rate-limiting step in Y166A/F transfers is likely the rate of heme transfer (k 2 ) instead of the rate of complexation (k 1 ), as observed for the other variants (Fig. 5) . As a result, the effect of the substitutions on heme transfer is accentuated at high apo-IsdC-N1 concentrations (e.g., rate impairment by N 15-fold at 50 μM apo-IsdC-N1). In S. aureus, the Isd proteins are highly expressed within the cell wall upon iron restriction, 40 resulting in a high local concentration of NEAT domains. Therefore, the in vivo condition may be more accurately modeled in vitro at relatively high concentrations of apoacceptor, where proximal tyrosine coordination is essential. The impaired heme transfer rates both from holo-IsdB-N2 to apo-IsdA-N1 Y166A/F and from holo-IsdA-N1 Y166A/F to apo-IsdC-N1 suggest that tyrosinate-iron coordination or an open distal position is required for rapid heme transfer to IsdC-N1 or rapid heme transfer from IsdB-N2.
Together, the data suggest a model in which heme is transferred by forming an intermediate, with heme shuttling directly from the Tyr ligand of the donor protein to the Tyr ligand of the acceptor protein. This model is preceded by the model proposed for the single Met-Ala variants in Shp. 41 Two models have been developed for heme transfer from the Streptococcus pyogenes NEAT domain homolog Shp to the IsdE homolog SpHtsA. 41 In the first mechanism for heme transfer, an Shp-SpHtsA complex is formed, followed by heme-iron release from coordinating Met residues of Shp. Heme is transferred as an unstable intermediate preceding iron coordination by the His-Met pair from SpHtsA. 41 The second mechanism, supported by kinetic data on single Met-to-Ala substitutions at either coordinating Met in Shp, involves ligand exchange and a six-coordinate heme-iron intermediate. In the intermediate, the lone remaining Met from Shp and one of the SpHtsA ligands coordinate heme iron, followed by replacement of the Met ligand of Shp by the second SpHtsA ligand. 41 A model for the Isd system, wherein heme is transferred from IsdB-N2 to IsdA-N1 by a direct access of Tyr166 to the distal site of the IsdB-N2 heme iron, was constructed. From IsdA-N1, heme iron is then directly passed to IsdC Tyr132, which again coordinates heme iron on the distal side of IsdA-N1 (Fig. 7 ). This transfer model is consistent with the ability of IsdA-N1 to bind heme in both orientations related by 180°about the heme α,γmeso axis, which would allow heme to enter in either of the two orientations, as required for direct access through the sixth coordinate position. 29 Whether heme is directly passed through a stable six-coordinate Tyr donor -Fe(III)-Tyr acceptor intermediate or released by one Tyr and rapidly bound by the other within the confines of a NEAT-NEAT domain complex could not be determined in these experiments, and no absorbance signatures for such an intermediate were detected in multiwavelength stopped-flow experiments.
To date, S. aureus Isd protein-protein complexes have eluded unambiguous detection, but it is clear that complexes form in solution because of the rapid rates of heme transfer. 18, 34 Rapid heme transfer by means of direct protein-protein interaction has been documented in vitro in the related Bacillus anthracis heme transport system between two NEAT-domaincontaining proteins, BslK and an IsdC homolog. 42, 43 Crystal contacts can provide indications of the structure of potential complexes in solution. Although the complexes in crystals are formed between the same protein, these may represent a biologically relevant transfer reaction as well, since heme relay occurs across the ∼ 30-nm cell wall of S. aureus 44 and thus may require self-exchange reactions. Generally, the crystal structures of IsdAheme 29 and its variants from different crystal forms (this work)-IsdB-N2, 30 IsdC heme, 31 and IsdH-N3 heme 32 -display strikingly similar crystal packing interactions. The common motif is two molecules interacting across the heme binding pocket related by an ∼180°rotation (Fig. S5 ). Although two heme groups are present at the interface of the holoproteins, the domains are oriented such that, with a single heme present, a modest conformational change would allow coordination by a sixth hemeiron ligand from the Tyr residue in the neighboring molecule. If a similar complex were to form in solution with heme in only the donor molecule, this model would support heme transfer from Tyr of the donor to Tyr of the receptor, possibly with a bis-Tyr heme intermediate. To examine the potential to form these complexes in solution, we used the proteinprotein complex modeling server ClusPro 45, 46 to predict unbiased optimal IsdB-N2-IsdA-N1 and IsdA-N1-IsdC-N1 complexes. The heme ligand was not modeled at the interface in ClusPro, but again, the top solutions were strikingly similar to the interactions observed in crystal packing (Fig. S6) . The protein-protein complexes, although packed much more closely in the absence of heme, display the same orientations related by a 180°rotation relative to one another such that the heme-ironcoordinating Tyr residues could occupy opposite sides of a heme iron. With crystal packing and ClusPro docking as guide, a model of the proposed heme transfer pair was constructed using PyMOL (Fig. 7) . 47 In the absence of a direct experimental observation of complex formation, our structural, kinetic, and modeling data support the formation of a heme 
Materials and Methods

Cloning and site-directed mutagenesis
The IsdA-N1 coding region (Ser62-Ala184) was previously cloned into pET28a. 29 Site-directed mutagenesis of pET28a-IsdA-N1 was performed using a modification of the whole plasmid PCR technique described previously. 48 Mutagenic primers are shown in Table S1 . IsdB-N2 (residues 341-458) and IsdC-N1 (residues 22-152) were PCR amplified from S. aureus N315 genomic DNA and cloned into pET28a to include an N-terminal His 6 tag and a thrombin cleavage site. All genetic manipulations were carried out in Escherichia coli DH5α, and mutations were confirmed by DNA sequencing.
Protein expression
His 6 -tagged recombinant protein was expressed in E. coli BL21(DE3). We inoculated 2× YT media containing 25 μg/ml kanamycin (1:500) from a 5-ml overnight culture in LB containing 25 μg/ml kanamycin. Cultures were incubated at 30°C, with shaking, for approximately 6 h until an OD 600 (optical density at 600 nm) of ∼ 0.8 had been reached. Culture temperatures were then shifted to 25°C, induced with 0.4 mM isopropyl β-D-thiogalactosidase, and incubated for a further 16 h. Cells were lysed using an Emulsi Flex-C5 homogenizer (Avestin, Ottawa, Canada), cell debris was pelleted by centrifugation, and His 6 -tagged IsdA-N1 was separated with a HisTrap HP column (GE Healthcare, Piscataway, NJ). His 6 -IsdA-N1 was then dialyzed into 50 mM Tris (pH 8.0) and 100 mM NaCl, and His 6 -tags were removed by thrombin cleavage. Apo-IsdA-N1 was separated from the partially hemeloaded sample using Source 15S resin (GE Healthcare) after dialysis into 50 mM Hepes (pH 7.2). As required, apoprotein was reconstituted with heme by slow addition of a 1.2× molar excess of heme. Heme stock was freshly prepared by dissolving 2.5 mg of hemin chloride in 100 μl of 0.1 M NaOH and diluting to 1 ml with 50 mM phosphate buffer (pH 7.4). Unbound heme was removed by centrifugation and then passed over a Sephadex G-50 column. Finally, holoprotein was dialyzed into 20 mM Tris (pH 8.0) for crystallization, and apo-IsdA-N1 or holo-IsdA-N1 was dialyzed into 50 mM Tris (pH 8.0) and 100 mM NaCl for all kinetic measurements.
Crystallization
Only wild-type IsdA-N1 produced diffraction-quality crystals on hanging-drop plates with 0.1 M 4-morpholineethanesulfonic acid (pH 6.5), 0.2 M ammonium sulfate, and 30% polyethylene glycol (PEG) 6000, as previously reported. 29 Crystals of IsdA-N1 H83A were obtained under a similar condition with 0.1 M 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol (pH 5.5), 0.2 M ammonium sulfate, and 25% PEG 3350. Crystals of IsdA-N1 K75A formed in 0.1 M citrate (pH 3.5) with 2-2.2 M ammonium sulfate, and IsdA-N1 Y166A crystals were optimized in 0.1 M Hepes (pH 7.5) and 2.0 M ammonium sulfate. IsdA-N1-CoPPIX crystals were optimized in 0.1 M citrate (pH 3.5) and 1.5 M ammonium sulfate. Crystals under PEG-containing conditions were frozen in mother liquor supplemented with 16% glycerol, whereas crystals under ammonium sulfate conditions supplemented with 30% glycerol were frozen. In both cases, crystals were immersed in cryoprotectant for ∼10 s prior to flash freezing in liquid nitrogen. Mother liquor was supplemented with 10 mM dithionite and crystals were soaked for ∼ 10 min prior to flash freezing to attain the IsdA-N1 reduced structure.
Data processing and structure solution
Data were collected on beamline 08ID-1 at the Canadian Light Source (IsdA-N1 reduced, IsdA-N1-CoPPIX, and IsdA-N1 Y166A) and on beamline 7-1 at the Stanford Synchrotron Radiation Lightsource (IsdA-N1 K75A and IsdA-N1 H83A). Data were processed using HKL2000 49 or iMosflm. 50 Phases were determined with the program MOLREP 51 using a single-protein chain of the previously determined IsdA-N1 crystal structure (PDB ID: 2ITF), with heme and water molecules omitted and with several heme binding residues (Lys75, Ser82, His83, Tyr166, and Tyr170) substituted with alanine. Refmac5 52 from the CCP4 program suite 53 and Coot 54 were used to refine and modify the structures. Density for heme (or CoPPIX) was clearly defined in all structures by a prominent metal peak, and heme or CoPPIX was modelled into the binding site prior to water addition. Waters were added with ArpWaters 55 or Coot. 54 Since all unit cells contain multiple molecules, comparative measurements are made using chain A, unless stated otherwise. Data collection and refinement statistics are shown in Table 1 . All structure figures were generated using PyMOL. 47 
UV/Visible absorbance spectroscopy
All UV/visible absorbance spectroscopy readings of protein or heme concentrations and heme release experiments were performed using a Cary 50 UV-Vis spectrophotometer (Agilent Technologies, Mississauga, Canada). Heme concentrations were determined using the pyridine hemochrome assay with an extinction coefficient of 191.5 mM − 1 cm − 1 at 418 nm. 39 
Determination of heme transfer to myoglobin
Apomyoglobin was prepared from horse heart myoglobin (Sigma), as previously described. 56 Holo-IsdA variants (2 μM) were incubated with 50 μM apomyoglobin, and spectra (250-650 nm) were recorded for 2-30 h, depending on the variant. All transfers were performed at least in duplicate. Absorption differences could be fitted to single-exponential or double-exponential equations using GraphPad Prism software to determine the first-order rate constants. The concentration of apomyoglobin was varied to ensure that the rate was first order with respect to IsdA-N1.
Kinetics of heme transfer
Absorption spectra (300-700 nm) were collected using an SX.18MV stopped-flow reaction analyzer (Applied Photophysics, Leatherhead, UK) equipped with a photodiode array detector. All experiments were performed at 25°C. To determine the wavelength of maximal absorbance change, we mixed 2 μM holoprotein with 20 μM apoprotein, and we calculated the difference spectra between the initial reading and 100 subsequent time points logarithmically distributed over 10 s. For most reactions, absorbance changed maximally at ∼ 376 nm. For calculation of the observed rate (k obs ), the SX.18MV monochrometer was used to monitor absorbance at 376 nm. For all transfer pairs, 1 μM holo-IsdA-N1 or 4 μM holo-IsdB-N2 was mixed with 10-100 μM apo-IsdC-N1 or apo-IsdA-N1, respectively. Single-wavelength data were collected for N 10 half-lives (between 0.1 s and 5 s, depending on the variant). Values for k obs were obtained from at least five independent reactions. Change in absorbance data was fitted to single-exponential equations using GraphPad Prism software. Observed transfer rates were plotted against the concentration of apoprotein to determine the concentration dependence and transfer rates.
Accession numbers
PDB coordinates have been deposited in the Research Collaboratory for Structural Bioinformatics PDB under accession numbers 3QZN (IsdA-N1 Y166A), 3QZM (IsdA-N1 H83A), 3QZL (IsdA-N1 K75A), 3QZP (IsdA-N1-CoPPIX), and 3QZO (IsdA-N1 reduced).
Supplementary materials related to this article can be found online at doi:10.1016/j.jmb.2011.08.047
